Egg activation is the process by which a mature oocyte becomes capable of supporting embryo development. In vertebrates and echinoderms, activation is induced by fertilization. Molecules introduced into the egg by the sperm trigger progressive release of intracellular calcium stores in the oocyte. Calcium wave(s) spread through the oocyte and induce completion of meiosis, new macromolecular synthesis, and modification of the vitelline envelope to prevent polyspermy. However, arthropod eggs activate without fertilization: in the insects examined, eggs activate as they move through the female's reproductive tract. Here, we show that a calcium wave is, nevertheless, characteristic of egg activation in Drosophila. This calcium rise requires influx of calcium from the external environment and is induced as the egg is ovulated. Pressure on the oocyte (or swelling by the oocyte) can induce a calcium rise through the action of mechanosensitive ion channels. Visualization of calcium fluxes in activating eggs in oviducts shows a wave of increased calcium initiating at one or both oocyte poles and spreading across the oocyte. In vitro, waves also spread inward from oocyte pole(s). Wave propagation requires the IP3 system. Thus, although a fertilizing sperm is not necessary for egg activation in Drosophila, the characteristic of increased cytosolic calcium levels spreading through the egg is conserved. Because many downstream signaling effectors are conserved in Drosophila, this system offers the unique perspective of egg activation events due solely to maternal components.
egg activation | oocyte | fertilization | calcium | mechanosensitive ion channels T he oocyte is unlike any cell type in the body. This highly specialized cell, once fertilized, will become totipotent, yet in many organisms the oocyte must remain developmentally arrested for years. The resting oocyte within the ovary is filled with maternally provided stores of mRNAs and proteins that will drive embryogenesis before zygotic genome activation, its cell cycle is stalled in a species-specific stage of meiosis (typically metaphase I or II), and its vitelline membrane is amenable to penetration by sperm and small molecules (1, 2) . The mature oocyte remains in such a state until it is ready to be ovulated and fertilized. This quiescence period ranges from days in fruit flies to decades in humans.
The series of events that leads to actualization of the oocyte's developmental potential is collectively termed "egg activation." In the vertebrates and echinoderms in which it has been most intensively studied, activation is sparked by a rise in cytosolic Ca 2+ levels that is triggered by the fertilizing sperm (3) (4) (5) . Depending on the organism, this Ca 2+ rise sweeps through the egg in a single wave or in multiple oscillations, but in all cases the outcome is the same: meiosis resumes, the vitelline envelope is restructured, and mRNA and protein pools undergo modifications and turnover (6, 7) . Evidence from other organisms such as mice and frogs indicates that the rise in Ca 2+ likely starts a signaling cascade through calcium-dependent kinases and phosphatases such as CaMKII and calcineurin, which may have myriad effects on downstream pathway components to produce all of the hallmarks of egg activation (8, 9).
Ca
2+ transients were originally identified in medaka, where it was initially hypothesized that free Ca 2+ from the external environment enters the oocyte with the fertilizing sperm, and calcium-induced calcium release from endoplasmic reticulum (ER) stores propagates the wave across the egg (10, 11) . In teleost fish, extracellular Ca 2+ can be sufficient, but not always necessary, to induce egg activation in vitro (e.g., zebrafish) (12, 13) , but in many cases activation in vivo requires fertilization. In organisms in which the fertilizing sperm induces egg activation, the sperm either introduces a specific isoform of phospholipase C (PLC) (as in mice) (14) , or sperm binding activates a Src-family kinase and in turn activates PLC (as in echinoderms) (15) . Active PLC induces phosphoinositide signaling and ultimately results in release of Ca 2+ from stores in the egg's ER (14, 16) . However, in the arthropods that have been examined, egg activation occurs independently of fertilization: in Drosophila melanogaster fruit flies (17) and Pimpla turionellae wasps (18) , eggs activate as they move through the female's reproductive tract, and Sicyonia shrimp eggs activate upon spawning into sea water (19) . In addition, parthenogenetically reproducing organisms do not require sperm for egg activation to occur.
That the insects tested thus far do not require fertilization for egg activation allows the study of egg activation events independent of the presence of sperm and thus of the initiation of zygote development. For example, this permitted experiments in Drosophila that showed that maternal functions that permit remodeling of the sperm nucleus into a male pronucleus are triggered by egg activation, not by fertilization (20) . However, despite the difference in initial trigger, the downstream events of egg Significance This paper reports the first visualization of calcium dynamics in Drosophila eggs in vivo and in vitro, demonstrating that a calcium wave is a conserved feature of egg activation (the process by which a mature egg becomes able to initiate embryo development). In vertebrates and echinoderms, the fertilizing sperm triggers egg activation by inducing calcium release from the egg's internal stores, causing wave(s) of increased calcium to sweep across the egg. However, insect eggs activate without fertilization. We show that a wave of increased calcium occurs during activation of Drosophila eggs. The wave is induced during ovulation by influx of calcium into the egg through mechanosensitive ion channels. Release of calcium from intracellular stores is required for wave propagation.
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activation (resumption of meiosis, translation of new proteins from stored maternal RNAs, destabilization of selected maternal mRNAs, and changes in the egg's coverings) occur in arthropods as well as in mammals (17, (21) (22) (23) (24) , and the changes that occur during Drosophila egg activation are signaled through many of the same pathways and components as in other organisms. For example, the requirement for calcineurin (20, (25) (26) (27) , likely involved in the initial transmission of the calcium signal, characterizes egg activation in Xenopus as well as in Drosophila, and the activities of CDC20 (Drosophila cortex) in meiotic resumption (28) , GLD-2 (Drosophila wispy) in cytoplasmic polyadenylation (29) (30) (31) (32) , and MAPK in signal transduction (33, 34) are conserved in Drosophila and other animals. Furthermore, phosphomodulation of proteins occurs during egg activation in the two organisms examined to date [sea urchin (4) and Drosophila (35) ] and ∼80% of the phosphomodulated proteins in Drosophila are conserved across species, which may indicate a conserved phenomenon at egg activation (35) . This conservation of "downstream" egg activation events raises the question of what triggers this process in organisms like Drosophila where sperm are not needed for egg activation and how this compares to events in sperm-activated systems. Ultimately, we aim to use the powerful tools available for Drosophila to genetically define the pathways governing this process.
We previously showed that activation of Drosophila oocytes is triggered during the process of ovulation (passage of an oocyte from the ovary into the oviducts) (17) and could be accelerated by application of pressure. However, the immediate consequence of this on the oocyte was unknown. Our finding that calcineurin regulation is essential for egg activation (20, (25) (26) (27) and that Drosophila egg activation requires Ca 2+ in the extracellular environment as well as the activity of mechanosensitive ion channels (36) suggests that a calcium flux might occur during activation of Drosophila eggs despite the different trigger.
Here, using transgenic lines carrying a genetically encoded Ca 2+ sensor (GCaMP3) expressed in the female germline, we discovered that intracellular calcium levels increase in the Drosophila oocyte as it is ovulated. The rise could be best visualized in vitro, where the calcium level increase initiates at one or both poles of the egg and sweeps through the egg cytoplasm. In vitro experiments show that the rise is triggered by mechanical pressure and requires the activity of ion channels in the egg's plasma membrane. Previous physiological studies indicated that oocytes were triggered to activate by the process of ovulation (17) . Oocytes in the ovary do not complete meiosis or modify their vitelline envelopes. In contrast, in oviducts before fertilization, meiosis has resumed and vitelline envelopes have begun to cross-link. To test whether, and when, the process of ovulation induces a calcium rise in oocytes, we examined the calcium flux in oocytes during ovulation in vivo.
Females that expressed the calcium sensor GCaMP3 in their oocytes were anesthetized, and ovulation was induced using triethylamine. Abdomens were imaged as ovulation occurred. Under dissecting microscopy ( Fig. 1 and Movies S1 and S2) and at higher magnification ( Fig. S1 and Movies S3 and S4), a rise in calcium was observed in oocytes as they entered and moved through the oviducts (Fig. 1A , top row, and Movie S1; Fig. S1A , and Movie S3). Calcium levels remain high in the oocyte cytoplasm for many minutes following the original local increase (Fig. 1B , blue tracing). As is the case for egg activation, and consistent with ovulation inducing the calcium rise, fertilization was not required for the calcium rise ( Thus, ovulation induces a rise in calcium levels in the oocyte that is fertilization-independent and is sustained for several minutes. Optical and physical limitations, as well as the speed of the calcium rise, prevented clear visualization of the dynamics of the calcium flux in vivo. To visualize the nature of the calcium flux in detail, we therefore imaged oocytes as they activated in vitro. Drosophila oocytes can be activated ex vivo by incubation in a hypotonic Ca
2+
-containing solution (37) . Oocytes containing maternally expressed GCaMP3 were dissected in isolation buffer (IB), a solution hypertonic to the egg that maintains the egg in a dehydrated, inactivated state, and were placed on the microscope stage. For imaging, the dish was then flooded with activation buffer (AB), a solution hypotonic to the egg that causes egg hydration, swelling, and activation. After the egg began to swell, indeed usually after swelling appeared complete, we observed an ); this was most commonly seen in oocytes that failed to move apace through the reproductive tract and thus likely came under pressure along their entire length at once. The second row shows an ovulating oocyte of a female whose germline expressed GCaMP3 but also was knocked down for the IP3 receptor; the calcium rise is transient. The third row shows fluorescence of an oocyte from a matα4-GAL-VP16 > UASp-GCaMP3 female who was mated to a spermless (XO) male (instead of a normal male as was used in the other rows in this figure). The fluorescence increase was like that seen in control matings, indicating that fertilization is not needed for the calcium rise in oocytes. Time after release from the ovary is indicated in each panel. Images in rows 1, 2, and 4 are taken from Movies S1, S10, and S2, respectively; images for the spermless mating are also from a movie, which is available upon request. Anterior is to the left. Brightness under the rear of the female in row 2 is excreta, which fluoresce under these conditions. (B) Quantitative analysis of GCaMP3 fluorescence intensity (ΔF/F0). Blue is wild type (n = 6), green is IP3R-shRNA oocytes (n = 6), purple is unfertilized (n = 12), and red is control (n = 9).
increase in its cytoplasmic calcium levels. This increase appeared as single or converging waves of increased cytosolic Ca 2+ concentrations that initiated from the egg pole(s) and moved toward the center of the oocyte. Fluorescence peaked, maintained a brief plateau, and then decreased in the same direction as the original wave's movement ( Fig. 2 and Movie S5). Total time from wave initiation to peak fluorescence was ∼15 min (Fig. S2) . Waves typically began within 10 min of adding AB, although they occasionally took longer to begin. If a wave was slow to start, we were often able to initiate a wave by adding 1-5 drops of additional AB or deionized H 2 O. We hypothesize that the addition of water to the activating solution causes greater hypotonicity of the solution to the egg, resulting in further egg swelling, which may be critical for egg activation as further discussed below (36) . The optimal in vitro system (37) cannot fully recapitulate in vivo conditions; in vitro oocytes are in buffer, whereas in vivo oocytes are held tightly within the oviduct, which likely subjects them to additional mechanical pressure. We believe that for these reasons the speed of the calcium increase in vitro does not match the rapid speed seen in vivo. Relatedly, given that mechanical forces trigger the wave, as discussed below, we believe that stochastic differences between the sensing of the membrane's stretching caused the difference between the proportion of oocytes with single vs. bipolar initiation of the wave in vivo vs. in vitro.
To confirm that the observed signal was due to a rise in cytosolic Ca 2+ and was not an artifact of imaging parameters such as autofluorescence, we examined Ca 2+ dynamics in activating oocytes using a different sensor: a GFP-aequorin fusion (38) . This sensor does not require the use of an excitation laser; rather, in the presence of the aequorin substrate coelenterazine, the GFP is induced to fluoresce by bioluminescent resonant energy transfer (BRET). Any signal that is detected under these experimental conditions is due directly to a rise in Ca 2+ and cannot be attributed to autofluorescence or artifact. Using this system, we again observed a calcium rise that initiated at the oocyte poles and spread through the cytoplasm (Fig. S3 and Movie S6), confirming the existence and dynamics of a calcium flux in Drosophila oocytes during egg activation in vitro. (36) , suggesting that calcium from external sources is necessary to activate the eggs. We therefore examined whether influx of calcium is needed to initiate the calcium rise. We performed in vitro activation experiments using buffers depleted of Ca 2+ using the Ca 2+ chelator BAPTA [1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrapotassium salt]. Cytosolic Ca 2+ levels did not increase in oocytes incubated in BAPTA-treated buffers, even though egg swelling did occur (Fig. 3) ; these oocytes did not activate, as assessed by bleach resistance (32) ( Table S1 ). Oocytes that were incubated in parallel in control buffers showed a normal Ca 2+ rise and activation (Fig. 3, Table S1 , Movie S7). Thus, the Ca 2+ rise in activating Drosophila oocytes requires calcium in the extracellular medium. (18, 36, 39) . Consistent with the idea that Drosophila egg activation might be triggered by mechanical cues, Drosophila egg activation can be accelerated in vitro by applying pressure to the oocyte (36) , and blocking mechanosensitive ion channels on the Drosophila oocyte with gadolinium inhibits egg activation (36) . To test whether the Ca 2+ flux that we observed in Fig. 2 was affected by mechanical pressure, we performed in vitro imaging while gentle pressure was applied to the oocyte under the weight of a coverslip. We found that even without bathing the oocyte in hypotonic solution, the pressure exerted by the coverslip was sufficient to elicit a Ca 2+ wave like that observed during incubation in AB (Fig. 4 and Movie S8). This finding demonstrates that mechanical stimulation, which ultimately results in activation (36) , is sufficient to cause a Ca 2+ flux in Drosophila oocytes.
Production of the
Ca 2+ Wave Requires Extracellular Calcium. Drosophila oocytes cannot undergo in vitro activation in buffers depleted of Ca 2+
Mechanical Pressure Is
Sufficient to Elicit a Ca 2+ Wave. Previous studies indicated that mechanical stress may trigger or enhance egg activation in Drosophila and some other insects. For example, pulling on the dorsal appendages of Drosophila eggs, or squeezing wasp eggs through a capillary with the same diameter as a wasp ovipositor, could activate those eggs
Extracellular Ca 2+ Enters the Oocyte Through Mechanosensitive
Channels. The finding that mechanical pressure (or egg swelling) triggers the calcium wave, and that external calcium is needed for the wave to occur, led us to test whether mechanosensitive ion channels were needed for the calcium wave, as they are required to trigger the downstream events of egg activation (36) . To examine this, we incubated dissected mature GCaMP3-containing oocytes in concentrations of GdCl 3 ranging from 10 to 400 μM in IB before imaging in AB containing GdCl 3 . Oocytes treated with 100-400 μM GdCl 3 did not show an increase in cytosolic Ca 2+ during egg activation ( Fig. 3 and Table S1 ), whereas control samples tested in parallel showed the stereotypical Ca 2+ flux. This result indicates that Ca 2+ likely enters the oocyte through mechanosensitive ion channels. Interestingly, treatment of oocytes with 10 μM GdCl 3 was unable to inhibit the Ca 2+ flux during egg activation (Fig. 3 , Table S1 , and Movie S9). Some Ca 2+ channels are more sensitive to gadolinium than others; for example, TRP-L channels are insensitive to low concentrations (10 μM) of gadolinium but sensitive to higher concentrations (100 μM). In our experiments, concentrations of GdCl 3 that inhibited the wave also inhibited egg activation (Table S1 ).
Based on RNAseq data (40) , there are several mechanosensitive channels that may be present in the Drosophila oocyte plasma membrane (for a review see ref. 41 ). Three genes of the transient receptor potential (TRP) family encoding mechanosensitive ion channels are expressed in the ovary, but their role has not been assessed during Drosophila egg activation. We tested a broad-spectrum blocker of TRP-type channels, N-(p-amylcinnamoyl)anthranilic acid (ACA), for effects on the dynamics of the calcium wave during egg activation. Oocytes were incubated with 10 μM ACA in IB for 30 min before activating in AB containing flux in oocytes detected by GCaMP3. Oocytes containing GCaMP3 were dissected in IB and activated by replacing IB with AB. Time (in minutes and seconds) after replacement with AB is indicated in each panel. Oocytes gradually swelled from 00:00 to 18:00. A Ca 2+ rise was detected at both poles (20:29) , extended toward the center of the oocyte, and spread throughout the oocyte at 24:24. The signal intensity was maximum at 30:02, gradually decreased (35:22) , and then returned to the basal level (39:35) . Calcium rises were seen from both poles in 90% of in vitro-incubated oocytes; the remainder showed a rise from one pole only. We postulate that the difference in relative percentage of bipolar and monopolar rises in vitro vs. in vivo reflects the difference in nature and location of mechanical stress experienced by the oocyte membrane under these two conditions. Fluorescence intensities are presented using a false-color scale, shown on the right. ACA. ACA-treated oocytes could not produce the Ca 2+ flux during in vitro egg activation, although egg swelling did occur (Fig.  3 ), whereas untreated controls were able to produce the wave as previously observed. Although caution is needed in interpreting results with a single chemical inhibitor, our results suggest that calcium may enter the oocyte through mechanosensitive TRP channels during egg activation.
Propagation of the Ca
2+ Wave Requires IP3-Mediated Release from
Internal Stores. In most organisms studied to date, the first calcium wave that occurs at egg activation occurs through sequential release of Ca 2+ from ER stores within the egg, often triggered through phosphoinositide signaling. To test whether this was also the case for propagation of the calcium wave in Drosophila oocytes, we examined calcium waves when the IP3 receptor was depleted. Females with germline clones of null or altered sensitivity IP3R alleles failed to ovulate under the conditions for in vivo imaging, preventing their use for these studies. Although we could dissect oocytes from such females, those eggs were fragile, making them impossible to image consistently. This precluded our use of germline clones to examine the details of calcium dynamics in oocytes.
Therefore, we used RNAi knockdown to test for a role of phosphoinositide-based release of calcium from internal stores in the calcium wave. In GCaMP3-containing oocytes knocked down for the IP3 receptor, a calcium increase occurred initially, but was not sustained (Fig. 1A , second row, and Movie S10; Fig.  1B, green tracing) . Taken together, our data indicate that the calcium rise initiates independently of IP3R, but that propagation of the calcium rise requires IP3R.
The germline clone and knockdown oocytes used in our in vivo tests had developed throughout oogenesis with little or no IP3R. Thus, it was possible that their phenotype reflected developmental issues due to a need for this activity during oogenesis. To test whether phosphoinositide-based signaling is needed only in mature oocytes for the wave, we performed imaging of in vitro activation in oocytes treated with LY294002, which inhibits PI3K (42) . Over a range of concentrations (43) (44) (45) , this inhibitor significantly prevented the calcium wave, and the effect was dose-responsive ( Fig. S4; P < 0.03 for all concentrations tested) . These results further support a role for phosphoinositide-mediated calcium release in oocytes for the propagation of the calcium wave.
In vertebrates, Ca 2+ can also be released from ER stores through activation of the ryanodine receptor on the ER plasma membrane. However, we do not believe that this process is involved in the Drosophila calcium wave propagation. High-throughput studies show no expression of ryanodine receptor in the adult ovary of virgin and mated females (46) . Moreover, we tested directly for the role of the ryanodine receptor in Drosophila egg activation in vitro by using ruthenium red, an inhibitor of the ryanodine receptor (47) . Ruthenium red showed no effect on the Ca 2+ flux and no inhibition of egg activation; thus ryanodine receptor activity is not required for either process (Fig. 3, Table S1 , and Movie S11).
Discussion
Egg activation is a conserved phenomenon that prepares an animal oocyte for successful embryogenesis through completion of meiosis, restructuring of the vitelline membrane, and changes to the existing protein and mRNA pools within the egg. The trigger for Drosophila (and other arthropod) egg activation differs from the better known cases of vertebrate and echinoderm egg activation in that it is decoupled from fertilization. Despite this critical difference in egg activation trigger mechanisms, we report that a calcium wave occurs during egg activation in Drosophila, as in other animals. In vivo imaging of oocyte calcium levels indicates that the intracellular calcium rise is triggered by ovulation. In vitro imaging shows that this rise takes the form of wave(s) that initiate from egg pole(s) and move across the egg; the rise in cytosolic calcium is then followed by a decrease. We propose that this dynamic rise and fall in cytosolic calcium triggers the events of egg activation in Drosophila, as suggested for the calcium transients in other organisms such as mouse (8, 9) .
The calcium rise during Drosophila egg activation can occur only in the presence of calcium in the extracellular environment. We propose that the wave initiates when Ca 2+ enters the oocyte through activation of mechanosensitive ion channels on the oocyte cell surface. These channels are proposed to be activated by either or both of the following mechanisms. First, the oocyte swells as it passes through the oviducts, presumably by taking up fluid: mature oocytes in the ovary are shriveled in appearance, but laid eggs are swollen and taut. In our in vitro experiments, we Fig. 3 . Perturbation of Ca 2+ wave in vitro through treatment with pharmacological agents. We incubated oocytes from GCaMP3 females in buffers containing various inhibitors of Ca 2+ channels and pathways, as described in the text, and tested their ability to produce the Ca 2+ wave like that shown in Fig. 2 and in the control (no inhibitor) row at the top of this figure. Incubation with ruthenium red and low concentrations (10 μM) of GdCl 3 did not perturb production of a normal-appearing Ca 2+ flux. However, incubating oocytes in buffers containing BAPTA (e.g., Ca
2+
-depleted IB and AB), high concentrations (>100 μM) of GdCl 3 , or ACA abolished the Ca 2+ flux that is normally seen in vitro. Time is displayed as minutes and seconds after addition of AB. A, anterior; P, posterior. Movies S7, S9, and S11 show examples of control, 10 μM of GdCl 3 , and ruthenium red incubations, respectively. (Scale bar, 100 μm.) Sample sizes and P values relative to control are shown. Fig. 4 . Mechanical pressure induces converging Ca 2+ waves in oocytes. Sequential images of Ca 2+ flux in an oocyte upon mechanical pressure. Oocytes were placed in a drop of the hypertonic buffer (IB), and a coverslip was gently placed on the drop. Excess IB was removed using filter paper to subject eggs to a mild pressure (00:00-01:42). Ca 2+ increase was detected at both poles (02:32-03:10), and the waves moved toward the center of the oocyte (06:27-07:46). Unlike the above method of activation, the fluorescent signal pattern remained spread throughout the oocyte (09:03). We believe that this is due to the flattened shape of the oocyte under mechanical pressure. Fluorescence intensities are presented using a false-color scale shown on the right. (Scale bar, 200 μm.) n = 8. Frames are taken from Movie S8.
noted that the calcium wave does not initiate until after the egg has begun to swell. Additionally, we were able to increase the speed of initiation by adding a few drops of water to the activating medium during imaging, thus increasing hypotonicity and causing faster egg swelling. We postulate that swelling exerts a stretch tension force on the membrane, which triggers the opening of mechanosensitive Ca 2+ channels. Second, we show that, independently of oocyte swelling, mechanical pressure exerted on the oocyte is capable of initiating the wave. We propose that oocytes may be subjected to both triggers during ovulation: pressure from the outside as they move out of the ovary and into the oviducts and swelling as they encounter the oviductal fluid. As a result, mechanosensitive ion channels open, and calcium levels rise in the oocyte. In vivo imaging of oocytes as they are ovulating supports our pressure hypothesis: the movement of the oocyte into the oviduct is not smooth and fluid; instead, the oocyte moves slowly at first and then rather suddenly pushes into the oviduct, as if it meets some resistance force as it begins ovulation (Movies S3 and S4).
Recent evidence from mice indicates that a requirement for external Ca 2+ for egg activation is not unique to insects like Drosophila, although a requirement for calcium influx to initiate the first wave is. In mice, after the initial Ca 2+ rise induced by sperm PLC, further calcium oscillations require Ca 2+ uptake from the extracellular environment through a store-operated Ca 2+ entry mechanism; when intracellular ER Ca 2+ stores are depleted, plasma membrane channels open to allow Ca 2+ back into the cell (3). How could a wave be triggered from the egg pole(s)? It is possible that the mechanosensitive ion channels that mediate the calcium rise are localized at the poles, analogous to the localization of some of the embryo-polarity machinery including a terminal-group signaling cascade that marks the two ends of the embryo as similar to one another but different from the interior (48) . In this model, mechanical cues applied to the egg would activate those channels, and because they are at the poles, the wave would initiate at the poles. It will be intriguing to test this hypothesis by determining which mechanosensitive ion channels are needed to trigger the calcium wave (and egg activation) and whether they show polar localization. Toward this end, our finding that the wave is inhibited by gadolinium and ACA suggests that the relevant channels might be members of the TRP family of calcium channels (49) . The best candidates are three TRP family channels that are expressed in the ovary [painless (TRPA1), trpm (TRPM3), and trpml (TRPP1/Pkd2)] (reviewed in ref. 41) . Further experiments will be needed to determine the particular channel(s) that is needed to initiate the wave and its localization in the oocyte membrane. Alternatively, it is possible that the required channels are not localized but rather that the egg cytoskeleton is less rigid on the poles of the egg. Normally, uniform swelling of a prolate spheroid (such as a Drosophila oocyte) would exert greater tension along the center or waistline (50) . However, different cytoskeletal makeup at the poles may cause tension to be experienced differently there, and in this way channels spread uniformly throughout the plasma membrane may open first at the poles. Further experiments will be required to determine why the wave initiates at the poles.
In other organisms in which the signaling pathway has been studied downstream of the Ca 2+ influx, an increase in intracellular Ca 2+ is thought to be the ultimate cause of the meiosis resumption that permits subsequent embryonic mitosis, and of changes in macromolecular synthesis or stability. However, the way in which these events are connected to the calcium wave is still unclear in any system. Here, we have shown that a calcium wave occurs during Drosophila egg activation and that the sensitivity of this wave to manipulations (pressure, swelling, chemical inhibitors) mirrors that for egg activation events. Given this finding, and the fact that many signaling pathways and events downstream of the calcium signal appear to be conserved between Drosophila other species, Drosophila will offer the unique perspective of isolating egg activation events from fertilization events, as well the possibility of genetic manipulation and larger-scale "omics" studies that will help to link a Ca 2+ flux to downstream egg activation events.
Materials and Methods
DNA Constructs and Transgenic Flies. To generate transgenic flies expressing GCaMP3 (51) in oocytes, we constructed pUASp-GCaMP3-attB and nosGCaMP3-attB and introduced them into the fly genome using a phiC31-based integration system (52) . pUASp-GCaMP3-attB was generated from pUAST-attB (52) by replacing the UAS region with a EcoRV and PstI fragment of pUASp (53) and GCaMP3 ORF (51). To construct nos-GCaMP3-attB, the GCaMP3 ORF was inserted between 1.5 kb upstream sequences and 1 kb downstream sequences of the nos coding sequence using the In-Fusion HD cloning kit (Clontech). Details of the construction procedure are available upon request. (57) . Anesthetized female flies were affixed to a microscope slide with their ventral sides up using double-sided tape and examined with a Leica MZ16F Fluorescence Stereo Microscope equipped with a CCD camera (Leica DFC300 FX). Fluorescence images of the abdomen were taken continuously. Control flies were matα4-GAL-VP16 > UASp-GFP::aequorin. This GFP-aequorin fusion does not respond to calcium in the absence of coelenterazine (the aequorin substrate, which was not present in these experiments); in these situations, this protein's fluorescence behavior is like that for unmodified GFP (see SI Materials and Methods for details). To measure fluorescence intensity (ΔF/F0) at a given time point, an oval area at the center of the oocyte (476 pixels), corresponding to ∼60% of total oocyte area, was selected, and fluorescence intensity was measured. The time that the oocyte entered the uterus was defined as time 0. In vitro. Oocytes were imaged using a Zeiss 710 inverted LSM with ZEN software or a Nikon C1si LSM with a water immersion lens. Oocytes were dissected from transgenic females expressing GCaMP3 and induced to activate in vitro following methods similar to those that were previously described (36, 37) . For imaging, a single oocyte was placed in a drop of IB (37) in a glassbottomed dish (MAT-TEK). Once imaging parameters were set, the dish and egg were flooded with ∼1 mL of piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES)-based AB (36) to induce egg activation in vitro. Images were taken for 20-60 min after the addition of AB. If no change was seen in intracellular Ca 2+ levels within 10 min, an additional 0.5 mL of AB or a few drops of ddH 2 O were added to the dish to accelerate egg activation.
To measure the effects of mechanical pressure on the formation of the calcium wave, 10-20 stage-14 oocytes were dissected in IB and transferred to a 100-μL drop of IB on a microscope slide. A coverslip (18 × 18 mm) was placed over the drop. The preparation was set on the stage of a Nikon C1si laser confocal microscope equipped with a 10× lens. To apply a mild mechanical pressure to the oocytes, IB was wicked from the edge of the coverslip using filter paper. Images were captured for a period of 20-60 min at the rate of 1 frame per second. . BAPTA (Sigma-Aldrich) was used to chelate calcium from IB and AB. IB and AB were prepared without the addition of CaCl 2 , and sucrose was added to these buffers to match the osmolarity of control buffers, which were prepared normally. BAPTA was added to IB and AB as previously described (36) to buffer Ca 2+ to levels below 50 nM. Inhibitors of Ca 2+ entry or release. Stock solutions of BAPTA, GdCl 3 , ACA, ruthenium red, and LY294002 (all from Sigma-Aldrich) were prepared and added to IB and AB on the day of the experiment. Oocytes were dissected and incubated in drug-treated IB or control IB for 30 min before beginning the experiment. Inhibitor-treated oocytes were then activated in AB also containing the inhibitor, and oocytes incubated in control IB were activated in control AB lacking the inhibitor. Final concentrations of inhibitors used were based on effective concentrations given in the literature. The concentrations were the
